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To study the InSb band structure at high temperatures we have measured the far-infrared transmis-
sion as a function of magnetic field up to 20 T at temperatures between 300 and 700 K. The increasing
carrier density with temperature leads to an increase of the plasma frequency which means that the
magneto-optical response evolves from single-particle cyclotron resonance at room temperature to mag-
netoplasma effects, like helicon waves at the highest temperature. The experimental data can be ex-
plained using known theories about magneto-opti. cal response, carrier statistics, and band structure, pro-
vided the band-edge effective mass is temperature dependent. This mass is found to decrease from
0.0118mo at 300 K down to 0.085mo at 620 K, which can be explained with effective-mass theory as be-
ing caused by reduction of the energy gap.
After the first experiments on InSb by Dresselhaus
et al. , ' the magneto-optical properties of this material
have been thoroughly studied in the past 40 years. In
particular, experimental data on InSb, which has a very
low effective mass and a small energy gap, have contrib-
uted significantly to the development of the theoretical
description of the band structure. For the same
reasons magnetoplasma effects have also been studied
thoroughly in this material and review of those effects is
given by Palik and Furdyna. Most of these experiments
have been performed at low temperatures, only a few at
room temperature, while studies above room tempera-
ture are limited to transport measurements. ' Howev-
er, these latter techniques give much more indirect infor-
mation about band structure and the electronical proper-
ties than optical data.
Due to the high electron mobility in InSb and using
far-infrared radiation (FIR), the condition co~) 1 (where
co is the FIR frequency and r is the scattering time) is
fulfilled up to 700 K, which is close to the fusion point of
InSb. It is interesting to investigate the optical properties
of semiconductors under these extremal conditions and to
measure how the band parameters evolve. For this pur-
pose, we have measured magnetoabsorption of far-
infrared radiation from 30 to 120 pm in a temperature
range from 300 to 700 K. From the analysis of the exper-
imental data the temperature dependence of the band-
edge mass in InSb is obtained. This mass is found to de-
crease from 0.0118mo at 300 K to 0.085mo at 650 K,
which is consistently explained with effective-mass
theory by the experimentally observed' reduction of the
energy gap from 176 meV at room temperature to 90
meV at 650 K.
I. EXPERIMENTAL DETAILS
Nominally undoped InSb samples with carrier concen-
tration 1.0X10' cm and mobility 5.6X10 cm /Vs at
77 K were studied. Thin slices were cut from a crystal
wafer, polished, and etched down on both sides to a
thickness between 30 and 300 pm. The samples were
II. THEORY
The magneto-optical response of a semiconductor de-
pends both on magnetoplasma effects and on band struc-
ture. Since in the range of temperatures studied here
these effects lead to important changes in the optical
response, we will briefly resume the basic theory in the
following.
The optical response of free carriers (i.e., conduction
electrons) can be described by the one-electron Drude
model. For the Faraday configuration (wave vector q
parallel to magnetic field 8), the dielectric function can
be written as follows:
COL QP T22
E'g =E'~ 1+
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with
2
co[( coT c,o) +iv]
e+=(n —k)+,
where n is the real and k the imaginary part of the com-
plex refractive index, e is the dielectric constant of the
placed in a sample room that was filled with high-purity
helium gas to insure homogeneous heating and to avoid
oxidation of the sample inside a furnace. The ensemble
was mounted in the 50-mm bore of a 20-T resistive mag-
net. The FIR, produced by a CO2 laser pumped molecu-
lar FIR laser, was chopped and separated into two
beams. One beam was guided by light pipes to the sam-
ple in magnetic field and detected by a bolometer (To),
the other one served as a reference signal (TR) and was
measured with a Golay cell. To compensate for the
power fluctuation of the FIR laser, the relative transmis-
sion signal T, =To/Ttt was measured by dividing the
output of two lock-in amplifiers and was recorded as a
function of magnetic field. The light propagation vector
was always parallel to the magnetic field (Faraday
configuration). Zero field data as a function of radiation
energy were measured with a commercial Bruker
Fourier-transform spectrometer.
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crystal in the absence of free carriers, co, =eB/m* is the
cyclotron frequency for a particle of effective mass m *,
co = en; /4meo. E„m* is the plasma frequency, and v is the
scattering frequency. With temperature, the carrier den-
sity and thereby the plasma frequency increases
significantly and therefore the response as a function of
magnetic field co, at different measuring frequencies co is
very strongly temperature dependent. The —and + sign
in Eq. (1) represent, respectively, the active and inactive
polarizations of the incident light for electrons. In Eq.
(1) we include the effect of optical phonons, because InSb
is a polar semiconductor (Frohlich constant of a=0.02)
and because the reststrahlen band [between 185 and 197
cm ' (Ref. 13)] falls into the energy range of our mea-
surements.
Measurable parameters like the reAectivity R and
transmission T, are both connected to the complex re-
fractive index. For normal incidence and in the lossless
limit i.e. v=O, R, and T, can be expressed in terms of n
and k:
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FIG. 1. Calculated transmission as a function of co, /co with
different values of co~/co. The solid lines are calculated for un-
polarized light, the dashed lines for 100% active polarization,
and the dotted lines for 100%o inactive polarization.
For simplification we introduce the phonon factor
a =(col —co )/(coT —co ), which is taken to be constant
for a given incident photon energy and temperature in-
dependent, since phonon energies change little with tem-
perature.
In the lossless case either n or k is zero, therefore the
reAectivity will become unity when n =0 or n ~ ~ and
these points represent critical changes of the magneto-
optical response of the samples. These critical points are
determined by the ratio co/co, and co/co and in Fig. 1 we
show the calculated T, as a function of the ratio co, /co for
+, —and unpolarized light with several values of co /m.
The following regimes can be distinguished.
(i) Cyclotron resonance.
co, =~, k+ =0, n+ =0, T, =O
cyclotron resonance (CR);
co +co, k+ =0, n+ =0, T +=0;
co, /co~ 1 —co /(ato) ' k, =0, n =0, T, =0 .
Here the lossless plasma is opaque at zero magnetic field
when co )co since n =0, and becomes transparent at
co, =co. This transparency, due to a Inagnetic field at
high plasma frequencies, is called helicon wave transmis-
sion. A similar process for inactive polarized light occurs
when co, /co =co /( a co ) —1 (dielectric anomaly; Fig. 1,
bottom).
InSb has a small energy gap (about 0.18 eV at 300 K)
which leads to a strong interaction between the conduc-
tion and valence band and therefore results in a nonpara-
bolic conduction band with sharp curvature at k=O, i.e.
with a very small effective mass of electrons (band-edge
mass mo =0.0118mo at 300 K). The band-edge mass in
InSb can be expressed directly in terms of E given by
Kane.
co, /co= 1 —ro /(aco), k+ =0, n+ =0, T, +=0
plasma shifted CR .
mo
m 0 3
2 1
E Eg+6
For co))co, the active mode wave has a resonance
transmission at co, =cocR =co where n+ approaches
infinity. By determining the position of the resonance
field BCR, we can obtain the effective mass m* of elec-
trons from the relation cocR=eBcR/m (Fig. 1, top).
For co =co, the transmission cutoff begins at
co, /co=1 —co~/(ace) where n+ =0 and finishes at co, =co.
Consequently, the CR curve is deformed strongly by this
magnetoplasma effect (Fig. 1, center). No resonance
occurs for the inactive polarized light part.
(ii) Helicon waves.
where EI, =2moP/fi and P is the momentum matrix ele-
ment, coupling the conduction and valence bands at
k=O, and 6 is the spin-orbit splitting in the valence
band. The most important change with temperature in
InSb is the decrease of the energy gap with a factor of
—0.27 meV/K, according to the measurements from 10
to 700 K.' ' The band-edge mass is therefore also a
function of temperature and decreases with increasing
temperature.
The energy of the conduction band of InSb can be ex-
pressed as
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(E +8P k /3)'i E-
2m0 2
(6) ~For T,=O 620K
520K
and for small k, the energy dependence of the effective
mass can be found from this equation as
2E
m —mo 1+ E (7)
The energy dependence of the effective mass plays an im-
portant role in the experiments through the cyclotron fre-
quency and the plasma frequency, which both depend on
the effective mass. Furthermore, since the increasing
number of electrons with increasing temperatures occupy
higher-lying states and have a heavier mass, it is neces-
sary to take this effect into account in the analysis of the
experimental data. For this purpose we introduce an
average effective mass, which is obtained by integrating
m * over all the occupied energy states:
(m*) =ma 1+ (8)
and
Edn
where dn is the electron density in a small interval of en-
ergy.
III. EXPERIMENTAL RESULTS
The collective plasma oscillation in the medium pro-
duces a macroscopic electric field, which couples to the
field produced by the relative motions of the charged lat-
tice atoms (phonons) when the two frequencies are com-
parable. That is, when the longitudinal phonon frequen-
cy col —-co . This interaction is described by the dielectricL p'
response function Eq. (1). At zero magnetic field, the
common resonant frequency of the plasmons and pho-
nons can be calculated by setting @=0, which corre-
sponds to finding the resonant frequencies of longitudinal
oscillators. Solving Eq. (1) for co in the lossless case gives
2co~ =co& +col +[(co& +coL ) 4coTco& ] (10)
At co=co+ the real part of the refractive index n =0
which implies that total reAection occurs for co &co and
co & co+, and that the transmission T, goes to zero at these
points.
In Fig. 2, the transmission spectra as a function of in-
cident photon energy for different temperatures up to 620
K are shown. At the highest temperature, the absorption
of the sample is so strong and the detected signal is so
weak that the distinction of the absorption edge from the
transmission spectrum is not possible anymore. At room
temperature, we observe two regions with vanishing
transmission. The first region between 185 and 198 cm
corresponds to the reststrahlen band and the second,
below 65 cm ', to the plasma edge. The high-energy
edge of the first region which at room temperature is ap-
0
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proximately equal to col moves to higher energies as the
temperature increases and evolves into the high coupling
mode co+. The second edge at low energies corresponds
to the lower coupling mode co (co =65 cm ' at 300 K),
which approaches more and more to the left side of the
reststrahlen band, with increasing temperatures. Eventu-
ally this leads to the disappearance of the transmission
window between the plasma frequency and the
reststrahlen band.
The measured transmission edges (defined as the ener-
gies at which T, ~ 1%) are shown as a function of tem-
perature in Fig. 3 by the data points. We have used these
experimental values for co+ and m, together with litera-
ture values for coL and coT in Eq. (10), to calculate the
plasma frequency as a function of temperature. co thus
determined is found to increase from 70 cm ' at 300 K
to 340 cm ' at 600 K and is shown in the figure. The
dashed lines are calculated back, from Eq. (10) using co~
thus obtained, to show that the equation indeed describes
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FICi. 3. Energy of the measured transmission edges as a func-
tion of temperature (black circles). co~ calculated from Eq. (5)
(open triangles); determined from the numerical analysis of the
magneto-optical data in Sec. IV (open diamonds). The position
of the reststrahlen band is also indicated by the dash-dotted
lines.
FIG. 2. Transmission at zero magnetic field as a function of
energy at different temperatures.
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correctly the experimental result. The curvature of co+
data in the vicinity of the reststrahlen band reveals clear-
ly the phonon-plasmon coupling when co+ tends toward
co~ (if co approaches col ) and co toward co@ (if co ap-
proaches
cur).
In Fig. 4 we show the transmission as a function of the
magnetic field for a fixed FIR wavelength of 33.5 pm.
Several transmission minima are observed corresponding
to the individual transitions between the six lowest Lan-
dau levels from 0 ~1+, 0 ~1, and 1 ~2 (
represent spin up and spin down, respectively). These
quantum transitions reveal the nonparabolic nature of the
conduction band of InSb, which leads to nonequidistant
Landau levels because of the energy dependence of the
electron effective mass and the g factor of InSb.
The energy of a Landau level with index n as a func-
tion of the magnetic field is given by'
E„=—,'E + I(——,'E ) +E [(n+ ,')%co,—+,'PgB]—]'
with
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FIG. 5. (a) Transition energy as a function of magnetic field
at room temperature. (b) Magnetic-field dependence of the elec-
tron effective mass of InSb. The points present the experimental
data and the lines the calculated results with m 0 =0.0118mo.
2(n + 1)III',
g =gp 1+ E
—1/2
(12)
where P is Bohr magneton and go is the effective g factor
of the spin splitting given by go=2[1+(1
—mo/mo )b(3Eg+2b, )], and go= —74 at room temper-
ature. The magnetic-field dependence of the transmission
minima for different measuring wavelengths are shown in
Fig. 5(a) by the data points. The field dependence of all
transitions can be calculated from Eqs. (11) and (12) and
the results are shown in Fig. 5(a). In the calculation we
used mp =0.0118mp, which is in good agreement with
other experimental results. ' ' The effective mass m* at
a certain magnetic field and of a certain transition i (the
cyclotron mass) can be obtained from the resonance con-
dition cocR =eBca /m *, and is a function of the magnetic
field. The field dependence of the cyclotron mass for the0+~1+ transition is shown in Fig. 5(b), together with
the theoretical calculation.
50%', 300K u, au '=0.3
With increasing temperatures and at lower magnetic
fields, these individual Landau-level transitions are
smeared out into a broad featureless resonance. This
effect is a consequence of the nonparabolicity, in com-
bination with the occupation of states at higher k values
(for k in the direction of the field) at higher temperatures.
The transitions with hk =0 but at finite wave vectors
have different resonance conditions than those at k =0,
and therefore transitions involving a particular pair of
Landau levels are broadened.
Figure 6 shows the transmission spectra as a function
O
I— 0.2— (~ /au))'=0. 0&T = 300 K
I I I I I I I I I I I I I I I
4 8 12 16
570K (~./o~)'=~ ~
I
I
I I
0 4 8 12 'l6 20
MAGNETIC FIELD (T)
FIG. 4. Transmission as a function of the magnetic field for
A, =33.5 pm, shown in cyclotron resonance. The individual
transitions between different Landau levels are indicated in the
figure.
MAGNETIC FIELl3 (T)
FIG. 6. Transmission as a function of magnetic field for
70.5-pm radiation at several fixed temperatures. The vertical
dashed line indicates the true position of the resonance field
8« for this wavelength at room temperature, and the —+ the
zero in the vertical scale for the helicon waves regime.
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of magnetic field at different temperatures for A, =70.5
pm. For comparison we indicate the position of the reso-
nance magnetic field BCR at room temperature by the
vertical dashed line. As shown in the figure, the value of
(co~/aco) varies from 0.3 at room temperature to 2.2 at
570 K and consequently the shape of the transmission
curves changes significantly. At room temperature, the
transmission minimum is approximately at 2.0 T, which
is slightly lower than the actual resonance position BCR.
This shows that for this radiation energy, already at room
temperature, the line shape is deformed by magnetoplas-
ma effects. On the high-field side the absorption peak has
a pronounced broadening, which is caused by unresolved
transitions between several Landau levels as explained
previously. This effect demonstrates that, for this wave-
length the quantum resonance condition is also not
satisfied at room temperature; fico/k&T=0. 68. As tem-
perature increases, the transmission minimum moves
gradually to lower magnetic fields and finally disappears
at B =0 between 430 and 450 K where co /aalu-1, in
much the same way as discussed theoretically in Sec. II.
When the temperature increases even more, a new
transmission regime appears. In this range the transmis-
sion is zero until a certain value of the magnetic field,
after which the sample becomes transparent. As a conse-
quence of damping, the transmission curve shows a
smooth onset, and occurs not exactly at co, =co or
co, /co=(co~/ace) —1 as theoretically expected for the
lossless case, where damping was neglected. A similar
evolution is observed for all wavelengths, and follows the
scaling behavior of co~/co and co, /co as mentioned in Sec.
II.
IV. QUANTITATIVE ANALYSIS AND DISCUSSION
In order to be more quantitative we analyze our spec-
tra over the whole range of temperatures using the dielec-
tric function defined in Eq. (1). Although the qualitative
appearance of the spectra changes significantly, there are
in fact only three essential parameters, i.e., the effective
mass, the carrier density, and the scattering time, which
govern these changes.
The effective mass enters both in the plasma frequency
and the cyclotron frequency and depends on temperature
in two ways. In the first place the band-edge mass m o it-
self is temperature dependent through its relation to the
band gap which is strongly temperature dependent [see
Eq. (6)]. In the second place, through nonparabolicity
and band filling the average eff'ective mass Eq. (8) in-
creases with temperature. The change in the carrier den-
sity can be calculated according to the normal statistics,
1.0
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where the intrinsic carrier density n; is given by
1/2
n, =X,2~'" d E'
o 1+exp ( e.—e~ ) (13)
Here e is E /k T, the reduced energy, and
N, =2m.(2kT(m ' ) /h ) ~, the effective density of states.
We use for ( m * ) the average effective mass as defined in
Eq. (8). e~ (F.=EF/kT) is determined by the charge neu-
trality condition n, =p; and using an analogous expres-
sion for the hole concentration p, Due to this charge
neutrality the carrier density depends exponentially on
EglkT and depends strongly on the effective masses.
Both the gap and the effective mass depend strongly on
temperature, which couples the temperature dependence
of the density to that of the band parameters. For the
hole we have used a constant effective mass m =0.3mo,
which describes the top of the valence band. The last
quantity is the momentum scattering time ~ which must
be determined from the data.
To analyze the data we use the full transmission formu-
la which for normal incidence for a plan parallel sample
with thickness d, including losses and interference effects,
is given by
MAGNETlC FlELD (T)
FIG. 7. Transmission as a function of magnetic field at
different temperatures with different wavelengths for the same
sample. The solid lines are the experimental data and the
dashed lines are the fitted curves.
exp( —2Pd)(1 —R) +4R sin P„
[I—R exp( —2Pd)] +4R exp( —2Pd)sin (ad+/„)]
Using Eq. (14) together with Eqs. (1) and (2), we per-
form a least-mean-squares fit of the theoretical calcula-
tion to the data and take the carrier concentration n;, the
scattering time ~, and the effective mass of electrons m *
with tang„=2k/(1 —n —k ), P=cok/c, and a=con/c .
(14)
I
for the CR regime and the average mass ( m * ) of elec-
trons for the plasma regime as fit parameters. For the
simplification, we consider n; and m as independent fit
parameters, ignoring at present that they are linked
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through the density of states, and will show later that the
values thus obtained are consistent. We neglect the effect
of holes in the optical response, which is allowed because
of their very low mobility and their large effective mass.
At higher temperatures, the hole affects mainly the
damping factor ~ which is taken into account in the
fitting procedure. Some results of the fitted transmission
curv-s as a function of the magnetic field for different re-
gimes are shown in Fig. 7 as the dashed lines, and good
agreement with the experimental data (solid lines) is ob-
tained. It should be noted that not only is the correct
shape of the curves obtained but also the relative intensi-
ties of the transmission as a function of temperature.
Since in the range between 300 and 620 K (co /co)
changes from 0.06 to 12.8 (a factor 200), the change in
transmission at any field for different temperatures is
quite large.
V. TEMPERATURE DEPENDENCE OF r, n;, AND (m )
The results of three fitting parameters r, n;, and ( m * )
as a function of temperature are shown in Fig. 8, 9, and
11 respectively. As can be seen in Fig. 8, the experimen-
tal data of ~ are somewhat scattered, but there is a clear
tendency of a decrease of ~ with temperature, rejecting
the increasing damping at higher temperatures. In the fit
we determined n; and ( m * ) independently and we will
now show consistency between experimental data, by us-
ing the fact that these two parameters are linked through
carrier statistics. For this purpose we use the experimen-
tal average mass ( m * ) in the density of states and calcu-
late the carrier concentration (n, ),
„
in the usual manner.
As shown in Fig. 9 by the solid line (n;),h is in good
agreement with the experimental data. In this calcula-
tion we have taken the measured temperature depen-
dence of the gap' into account. Since the change in the
gap is quite large over the experimental range, this is an
essential ingredient to obtain consistency. Obviously cal-
culating the average effective mass ( ( m * ) ),I, in the densi-
ty of states which needs the experimental carrier density
also gives good agreement. Knowing n; and (m*) we
can easily determine the plasma frequency u and com-
pare with the results obtained independently with the
10080—
60
40
O
C3
2.0 2.5 3.0
1OOO/T (K- )
FIG. 9. Carrier concentration as a function of temperature as
obtained from the fit through the transmission data. The open
circles are the experimental data and the line is calculated using
the experimental data of the average mass (m ).
Fourier-transform spectrometer. In Fig. 3, the open dia-
monds are obtained from n, and .(m*) and these points
coincide nicely with the zero-field results. The agreement
between the two different measurements shows that reli-
able values for the band parameters as a function of tem-
perature are obtained.
We can derive the Fermi energy EF, the average ener-
gy of the electrons (E ), and the band-edge mass mo of
InSb from the experimental results of n; and ( m * ). The
results are shown in Figs. 10 and 11, respectively, where
we also included the temperature dependence of the ener-
gy gap determined from an independent experiment. '
In Fig. 10, we keep the conduction band fixed and
represent the change of the gap of InSb by a rise of the
top of the valence band. It can be seen clearly that intrin-
sic InSb becomes degenerate at relatively low tempera-
tures, which is in fact a consequence of the large
difference between the electron and hole effective mass
and its small energy gap. The average energy of the elec-
trons, (E), increases with temperature and is higher
200
100—
&E)
E,
o E,
CL
LJJ
LJJ
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I I I I I I I I I I I I I I
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TEMPERATURE (K)
FIG. 8. Temperature dependence of the scattering time ~ ob-
tained from the fit to the transmission curves. The drawn line is
a guide to the eye.
300 400 500 600
TEMPERATURE (K)
FIG. 10. Temperature dependence of the band structure of
InSb at high temperatures. E, and E, are the bottom of the
conduction and the top of the valence band, respectively. The
conduction-band edge is taken as the zero of the energy scale.
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FIG. 11. Effective masses as function of temperature. E, ex-
perimental data of (m*); as obtained from the fit to the
transmission curves; +, Charsmar's result (Ref. 10); dotted line,
Weiss's result (Ref. 9); o, band-edge mass mo as derived from
the data of the average mass using the measured carrier density;
solid line; mo calculated according to Kane's theory (Ref. 2)
from the temperature dependence of the band gap.
concerning the electron mass of InSb at high tempera-
tures were done by Weiss and Charsmar' with, respec-
tively, the thermoelectric power and transport experi-
ments, and their results are also shown in Fig. 11. Weiss
reported an electron mass of 0.037mo at 333 K rising to
0.05no at the melting point. Charsmar gave much lower
values with an electron mass saturating at 0.032mo from
440 K and higher.
We believe that Weiss and Charsmar measured actual-
ly the average mass of the electrons and that their results
do not invalidate Kane's theory at higher temperatures.
The agreement between Charsmar's results and our data
of the average mass is reasonable. On the other hand, the
disagreement between Weiss's and our results with those
of Charsmar's can probably be traced back to the way the
electron mass is derived from thermopower data. This
calculation requires a precise knowledge of the scattering
mechanism, which are usua11y hard to evaluate accurate-
16, 18
VI. CONCLUSION
than the Fermi level, which can be understood by the oc-
cupation of higher-energy states with the electrons at
high temperatures. From the average mass ( m * ), the
known density, and nonparabolicity [Eq. (8)] we can
derive the band-edge mass m o and the result is plotted in
Fig. 11 a function of temperature. The solid line is calcu-
lated according to Kane's theory [Eq. (5)], by including
the measured temperature dependence of the energy
gap, ' and taking Ez and 6 constant. This procedure
gives a reasonable agreement between the theoretical and
experimental results.
According to this analysis the band-edge mass of InSb
decreases from 0.118mo at 300 K down to 0.0085mo at
620 K, which is fully accounted for by the decreasing en-
ergy gap of InSb: Ez is 176 meV at 300 K and decreases
down to 92 meV at 620 K.' The only other experiments
In the conclusion, magneto-optical transmission exper-
iments in InSb are performed from 30 to 120 pm and at
temperatures ranging froni 300 to 700 K. Due to the
magnetoplasma effects, the magneto-optical response ex-
hibits an evolution from cyclotron resonance to helicon
waves. From the analysis of the experimental data, we
obtain that the conduction-band-edge mass of InSb de-
creases with increasing temperatures which can fully be
explained by including the temperature dependence of
the energy gap in Kane's theory.
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